Introduction
Semantic memory is the long-term representation of knowledge about our world, including the meaning of words, objects and actions. There is considerable evidence that semantic memory is impaired in patients suffering from neurodegenerative conditions such as the semantic variant of primary progressive aphasia (PPA), also known as semantic dementia, and Alzheimer's disease. doi:10.1093 doi:10. /brain/awt165 Brain 2013 2497 -2509 | 2497 However, there has been some debate about the nature of this deficit and the neuroanatomical basis for the semantic impairment. Comparative studies of the semantic deficit in these patient groups may be informative, but such work has been rare. In this study, we examine accuracy judging category membership of printed word and coloured photograph exemplars of familiar natural and manufactured semantic categories comparatively in semantic variant PPA and Alzheimer's disease, and assess the neuroanatomical basis for performance patterns in these patient groups with highresolution structural MRI studies of grey matter disease.
Observations over the past two decades have emphasized the presence of impaired semantic memory in patients with semantic variant PPA and Alzheimer's disease. In semantic variant PPA, the core deficit appears to involve semantic memory . This interferes with their ability to understand and name objects and single words. Patients with semantic variant PPA are said to have a broad-based, 'amodal' deficit in semantic memory (Bozeat et al., 2000 (Bozeat et al., , 2002 . Yet some have reported a more prominent deficit for natural compared to manufactured objects in patients with semantic variant PPA (Lambon Ralph et al., 2003 Ralph et al., , 2007 Rogers et al., 2004; Carroll and Garrard, 2005) . As the reverse pattern of impairment-greater difficulty with manufactured than natural objects-has also been described in some patients (Sacchett and Humphreys, 1992; Cappa et al., 1998; Moss and Tyler, 2000) , it is unlikely that natural objects are simply more difficult than manufactured objects.
A significant impairment in semantic memory also appears to be present in a large proportion of patients with Alzheimer's disease (Grossman et al., 1996 Ralph et al., 2001; Adlam et al., 2006; Libon et al., 2007) , although they are impaired in several other cognitive domains as well. The semantic deficit in Alzheimer's disease may contribute to other problems such as confrontation naming difficulty (Lambon Ralph et al., 1997; Garrard et al., 2005; Rogers and Friedman, 2008) , for example, although others propose that the naming deficit may be due to impaired lexical retrieval (Nebes et al., 1994) or a visual-perceptual deficit interpreting a target picture (Silveri and Leggio, 1996) . A deficit in category-specific semantic memory has been described in some patients with Alzheimer's diseases (Mauri et al., 1994; Montanes et al., 1996; Garrard et al., 1998 Garrard et al., , 2005 Grossman et al., 1998 Grossman et al., , 2013 . These patients also may have greater difficulty with natural than manufactured objects.
Recent anatomically-based theories of semantic memory suggest that the pattern of damage to a distributed representation of object knowledge may explain in part the relative deficit for natural compared to manufactured objects in neurodegenerative diseases. One of these approaches, known broadly as the sensorymotor model (Martin, 2007; Barsalou, 2008; Kiefer and Pulvermuller, 2012) , suggests that object knowledge as well as word meaning depend at least in part on the sensory/perceptual and motor/action features contributing to the corresponding concepts. For example, an apple is a roundish, often red object that is typically sweet and crunchy. These features are said to be represented in or near regions of modality-specific association cortex corresponding to the areas where these sensory and motor features are processed. For example, the colour and shape of an apple are represented in or near the ventral temporal portions of visual association cortex where colour and shape are processed.
Most support for the sensory-motor approach to semantic memory comes from functional MRI research demonstrating activation of sensory-motor association cortex during processing of sensory-motor feature knowledge associated with an object concept. For example, visual object concepts are associated with activation of visual association cortex in the inferior and ventral temporal regions (Chao et al., 1999; Kan et al., 2003; Simmons et al., 2007; Smith et al., 2012) , action concepts appear to be associated with motor association cortex that is responsible in part for motor actions (Hauk et al., 2004) , and auditory association cortex is activated in studies evaluating concepts that are enriched in auditory features (Kiefer et al., 2008; Bonner and Grossman, 2012) . From this perspective, the representation of object concepts in semantic memory can be viewed in terms of the network of sensory-motor attributes of the object that are located in or near corresponding regions of the brain. It has been asserted, moreover, that natural kinds depend more intimately on visual features than manufactured objects (Saffran et al., 1994) . Semantic variant PPA typically includes disease in the ventral and inferolateral temporal lobe, an area that encompasses visual association cortex (Gloor, 1997; Olson et al., 2007) . Consistent with this view, some behavioural studies relate disproportionate difficulty with natural kinds in semantic variant PPA to degraded visual feature knowledge (Warrington, 1975; Breedin et al., 1995; Yi et al., 2007; Bonner et al., 2009; Macoir, 2009; Papagno et al., 2009) . Recent work has associated semantic deficits in semantic variant PPA directly with visual association cortex in ventral temporal regions including the fusiform gyrus (Mion et al., 2010) , and particularly with degraded visual feature knowledge of objects (Bonner et al., 2009) . Likewise, if the anatomical distribution of disease compromises visual association cortex in Alzheimer's disease, as appears to be the found in some cases (Arnold et al., 1991; Braak et al., 1997; Kirby et al., 2010) , then natural objects may be more susceptible to impairment than manufactured objects.
A related anatomical model, known as the heteromodal model of semantic memory, builds on the sensory-motor features associated with objects. Heteromodal brain regions are not associated with a specific sensory-motor feature, but receive projections from multiple sensory and motor association cortices (Mesulam et al., 1977; Pandya and Yeterian, 1985) . This kind of convergence zone may play an important role in integrating information from many modality-specific inputs (Koenig and Grossman, 2007; Patterson et al., 2007; Binder et al., 2009; Bonner et al., 2013) . Heteromodal brain regions also may be important for other aspects of semantic memory. This may include generalization across the wide variety of different sensory and motor features associated with specific exemplars to support formation of a superordinate category. Specific portions of the anterior temporal lobe, the focus of disease in semantic variant PPA, may serve as a potential convergence zone (Davies et al., 2005; Knibb et al., 2006; Grossman, 2010) . A potential convergence zone in Alzheimer's disease is the angular gyrus, a focus of disease in these patients (Arnold et al., 1991; Braak et al., 1997) . Previous work has associated disease in the angular gyrus with semantic impairments in Alzheimer's disease (Desgranges et al., 1998; Grossman, 2003) .
The current research examined patterns of impairment in semantic memory comparatively in patients with semantic variant PPA and Alzheimer's disease. We used a simple comprehension test involving printed words and colour photographs of familiar natural and manufactured objects. By examining two semantic categories matched for frequency and other properties we sought to determine whether the deficit in Alzheimer's disease and semantic variant PPA is category-specific or equally affects multiple semantic categories. With the use of pictures and words, we could dissociate visual perception of features of an object from the representation of visual feature knowledge associated with object concepts regardless of access from a word or a picture. Moreover, performance was related to the anatomical distribution of reduced grey matter density. This allowed us to establish whether the anatomic region related to poor performance on this task was associated with modality-specific association cortex or heteromodal association cortex.
We expected that both patient groups would have difficulty performing this task. Moreover, we expected disproportionate difficulty with natural kinds compared to manufactured objects, consistent with a category-specific deficit. Equal difficulty across semantic categories would be consistent instead with a broadbased semantic deficit. As performance was anticipated to reflect a central deficit in the representation of object concepts, we did not expect any effects for the material used to present the stimuli. A material-specific deficit would implicate a visual-perceptual impairment or difficulty accessing object concepts from lexical representations. In addition, we related the pattern of semantic impairment to the anatomical distribution of disease. If performance was associated with disease in the visual association cortex, this would implicate degraded visual feature knowledge of objects in the semantic deficits of these patients, particularly if there was a deficit for natural kinds and no evidence for disproportionate difficulty with picture stimuli. By comparison, if performance was related to disease in heteromodal cortical regions, then this would associate semantic deficits with a modality-neutral mechanism.
Materials and methods

Participants
One hundred and seven participants took part in this research. This included 57 patients who met published criteria for Alzheimer's disease (McKhann et al., 2011) . This group was characterized by differential impairment that included poor episodic memory. Fifteen patients with semantic variant PPA also were recruited (Gorno-Tempini et al., 2011) . These patients presented with fluent speech and deficits in naming and comprehension. All dementia patients were evaluated and recruited by experienced behavioural neurologists (D.J.I., M.G.). At least two trained reviewers of a consensus committee confirmed the presence of a specific dementia phenotype based on an independent review of the semi-structured history obtained from patients and their families and a comprehensive neurological examination that included a detailed mental status evaluation. Finally, a group of 35 healthy seniors was tested. Healthy seniors were all living in the community. Table 1 summarizes the demographic features of these patients. Patients with Alzheimer's disease were somewhat older than the healthy control subjects [F(2,104) = 4.28, P 5 0.018], although there was no correlation between age and performance accuracy (r = À 0.036; not significant). There was no difference between Alzheimer's disease and semantic variant PPA groups for education and Mini-Mental State Examination (MMSE), although healthy seniors scored higher on the MMSE [F(2,104) = 30.65, P 5 0.001] compared with both dementia groups (P 5 0.001 for both pairwise group comparisons). Performance on neuropsychological tests is also provided in Table 1 . Both patients with semantic variant PPA and Alzheimer's disease differed from controls in their neuropsychological performance related to semantic memory. Patients with Alzheimer's disease were worse than patients with semantic variant PPA on verbal episodic memory free recall, but these groups otherwise did not differ on other measures.
The initial clinical diagnosis of a neurodegenerative disease was consistent with the results of serum studies, structural imaging studies such as MRI or CT, and functional neuroimaging studies such as SPECT or PET (these studies were not available to the consensus committee). Exclusion criteria included the presence of other neurological conditions such as stroke or hydrocephalus (consistent with imaging studies reviewed by a neurologist), primary psychiatric disorders (depression, psychosis), or a systemic illness that can interfere with cognitive functioning. Some patients were taking a cholinesterase inhibitor (e.g. donepezil, rivastigmine, galantamine), memantine, a small dosage of a non-sedating antidepressant (e.g. serotonin-specific reuptake inhibitors such as sertraline), or a small dosage of an atypical neuroleptic agent (e.g. quetiapine) consistent with clinical care, but no patient demonstrated evidence of sedation. This research was approved by the University of Pennsylvania Institutional Review Board and consent was obtained consistent with the Declaration of Helsinki.
Behavioural materials Category Membership Task: word judgement
Patients were shown 24 single words printed in black, lower-case letters on white cards one at a time, and judged whether each was an instance of a familiar superordinate category that was provided orally by the examiner and was available on a printed card during the task. Participants provided a 'yes' or 'no' response. The stimuli were presented in a blocked fashion for each of two superordinate categories (i.e. vegetables, tools) to minimize any risk that executive functioning for category-switching could interfere with performance. Half of the stimuli for each superordinate were targets and half were foils; half of the foils were related to the target because they overlapped with the target category in many semantic and perceptual features (e.g. applefor the target category 'vegetable'), and half were unrelated to the target category because they overlapped with the target category in relatively few semantic and perceptual features (e.g. chair -for the target category 'vegetable'). Stimuli were matched across semantic category for frequency of occurrence (t = 1.421; not significant) and representativeness (t = 0.40; not significant) (Rosch, 1975) . Within each category, the stimuli were presented in a fixed, pseudo-randomized order.
Category Membership Task: pictures judgement
This task was similar in structure to the category membership judgements for words, but the stimuli consisted of 24 colour photographs of objects. The target object was photographed in isolation and presented in a typical view to maximize its informativeness. The names of the pictured objects were matched in frequency across categories, and matched the frequency of the printed words in each category.
Correlation studies showed that performance on this category membership judgement task did not correlate with age, disease duration at the time of testing, or MMSE score (all P-values 4 0.20 in each group). Overall accuracy performance on this task in patients correlated with overall accuracy performance on the Pyramid and Palm Tree test (r = 0.35; P = 0.019).
Statistical procedures
Demographic and neuropsychological characteristics were normally distributed. All test performance was assessed using one-way ANOVA and Tukey post hoc tests, with significance set at P 5 0.050. In addition to assessing overall accuracy judging targets and foils, we performed a d' analysis (z-score hits minus z-score false alarms, consisting of correct target judgements minus errors judging foils, normalized to healthy controls' performance). We also performed an error analysis examining performance with related and unrelated foils. This error analysis provided specific information about the basis for patients' impaired performance. Thus, there is an important qualitative distinction between related foils that involve object concepts with shared features (e.g. judging 'apple' as a kind of vegetable) compared to unrelated foils that involve object concepts that share very few features (e.g. judging 'chair' as a kind of vegetable). Whereas deficits with related foils implicate judgements of subtle distinctions for specific features that may depend on perceptual or semantic processing, difficulty judging unrelated foils instead reveals gross deficits that are likely to be associated with degraded semantic feature knowledge and much less likely to involve a perceptual confusion.
Imaging methods
Sixteen patients (Alzheimer's disease: n = 11; semantic variant PPA: n = 5) had a volumetric MRI scan obtained on average within 2 months of neuropsychological testing. These cases matched the entire group demographically (Supplementary Tables 1 and 2) . Briefly, nine images (Alzheimer's disease: n = 6; semantic variant PPA: n = 3) were collected using a Siemens Trio 3.0 T scanner with a T 1 -weighted 3D spoiled gradient-echo sequence, at repetition time = 1620 ms, echo time = 3 ms, flip angle = 15 o , matrix = 195 Â 256, slice thickness = 1 mm, and in-plane resolution = 0.9 Â 0.9 mm. The remaining seven images (Alzheimer's disease: n = 5; semantic variant PPA: n = 2) were obtained with a GE 1.5 T Horizon Echospeed scanner. This 3D spoiled gradient echo sequence was acquired with repetition time = 35 ms, echo time = 6 ms, flip angle = 30
, matrix = 128 Â 256, slice thickness = 1.3 mm, and in plane resolution = 0.9 Â 0.9 mm. We minimized potential scanner and sequence bias by including a nuisance covariate in all grey matter analyses. Voxel-based morphometry was used to identify areas of grey matter atrophy. T 1 images were normalized to a standard space and segmented using PipeDream, a structural image processing pipeline (http://sourceforge.net/projects/neuropipedream/). Registration was performed using the ANTS toolkit (http://www.picsl.upenn.edu/ ANTS/), which implements a diffeomorphic and symmetric registration and normalization method that is the most reliable tool available (Klein et al., 2009) . A local T 1 template of 1 mm 3 resolution was built using ANTS. After registering the subject image to the local template, threetissue (grey matter, white matter and CSF) segmentation was performed with the Atropos tool in ANTS. Post-segmentation grey matter probability images were transformed into MNI space for statistical analysis. Images were downsampled to 2 mm 3 resolution and smoothed in SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/ spm8) using a 5-mm full-width at half-maximum Gaussian kernel to minimize individual gyral variations. Statistical analyses were conducted in SPM8. T-tests were used to identify areas of significant grey matter atrophy between patients and a group of 36 controls matched for age, sex and education. A probability mask restricted analyses to areas of grey matter. We identified clusters consisting of at least 50 adjacent voxels at a false-discovery-rate (FDR)-corrected height threshold of q 5 0.01. Not all patients performed all neuropsychological tests because of a variety of circumstances and technical errors, and the n for each task for each group is provided in the corresponding cell of the table summarizing performance. All ANOVAs for neuropsychological tests significant at P 5 0.001. Alzheimer's disease differing from semantic variant PPA and controls at P 5 0.01. *Differing from controls at P 5 0.001. + Semantic variant PPA worse than Alzheimer's disease at P 5 0.020. # Alzheimer's disease worse than semantic variant PPA at P 5 0.001. a Fifteen-item and 30-item versions of Boston Naming test were administered, and Z-scores relative to controls performing the same versions were computed to combine the results of these versions into a single measure. b We calculated words/minute by dividing total performance for three categories by three. c Participants performed one of two verbal list-learning episodic memory tasks-a 10-word list presented for three learning trials (n = 77) or a 9-word list presented for five learning trials (n = 28). Following a filled period of several minutes, we assessed free recall. Performance on each task was converted to Z-scores based on healthy seniors' performance on the same task, and these Z-scores were combined. FAS = this refers to the letters "F", "A" and "S".
For regression analyses relating behaviour to grey matter imaging results, we identified the grey matter voxels that were significantly atrophic in Alzheimer's disease or semantic variant PPA, and used this as a mask to search for voxels that were significantly related to overall semantic category membership judgement accuracy in the patients with imaging. Then we identified the voxels that corresponded to the anatomical distribution of atrophic voxels in each group's volumetric atrophy analysis. This allowed us to specify the grey matter regions of disease contributing to each patient group's semantic performance. In this way, we minimized the risk of overinterpreting the meaningfulness of voxels not associated with a disease process and that instead might simply reflect a healthy ageing process independent of disease. Linear regression analyses were performed using SPM8. We report an uncorrected P 5 0.05 threshold with clusters containing a peak-voxel with P 5 0.001 and a minimum of 10 adjacent voxels.
Results
Behavioural results
Both patient groups were impaired in their category membership judgement performance relative to healthy seniors. The effect of group for overall accuracy judging targets and foils was significant [F(2,104) = 11.77, P 5 0.001]. As summarized in Table 2 , followup analyses demonstrated significantly worse performance in semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.001) compared with healthy control subjects, although the two patient groups did not differ from each other in overall performance. The d' signal detection analysis yielded identical results [F(2,104) = 12.21, P 5 0.001], with patients with semantic variant PPA and Alzheimer's disease obtaining lower scores compared to healthy adults (P 5 0.001 for both comparisons), and the patient groups not differing from each other. We examined subsets of the stimuli below.
Semantic category
We found a different pattern of category-specific difficulty in semantic variant PPA compared with Alzheimer's disease. Table 2 shows that significant group effects were found for both natural [F(2,104) = 12.28, P 5 0.001] and manufactured [F(2,104) = 6.61, P 5 0.002] categories. Follow-up pair-wise group comparisons for natural stimuli found worse performance for both semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.002) compared to healthy control subjects. For manufactured stimuli, follow-up comparisons found worse performance compared to controls for semantic variant PPA (P 5 0.050) and Alzheimer's disease (P 5 0.002). A signal detection analysis for the natural category [F(2,104) = 10.30, P 5 0.001] also showed deficits in semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.001) relative to healthy seniors; and similar deficits were seen for the manufactured category [F(2,104) = 7.63; P 5 0.005] in semantic variant PPA (P 5 0.020) and Alzheimer's disease (P 5 0.001) relative to healthy seniors. Moreover, within-group comparisons using a paired t-test showed that patients with semantic variant PPA are more impaired for natural than manufactured stimuli [t(14) = 2.84; P 5 0.020]. Inspection of individual patient profiles demonstrated that 14 (93.3%) of 15 patients with semantic variant PPA showed an equal or greater impairment for natural than manufactured objects. This effect was not found in Alzheimer's disease, where relative difficulty with the two categories of knowledge was balanced [27 (47%) had greater difficulty with natural kinds, 16 (28%) had greater difficulty with manufactured objects, and 14 (25%) had equal difficulty on both categories]. Both patients with semantic variant PPA and patients with Alzheimer's disease thus were impaired for natural and manufactured categories, and patients with semantic variant PPA were particularly compromised for natural objects.
Stimulus material
Significant groups effects were obtained for both picture [F(2,104) = 10.00, P 5 0.001] and word [F(2,104) = 10.15, P 5 0.001] stimuli. For picture stimuli, follow-up comparisons found worse performance in semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.001) compared to healthy control subjects. An identical profile was obtained for word stimuli, where semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.001) were worse than healthy seniors. A signal detection analysis also showed deficits for pictures [F(2,104) = 10.86, P 5 0.001] in semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.01) relative to controls; and similar deficits were present for word stimuli [F(2,104) = 10.19, P 5 0.001] for semantic variant PPA (P 5 0.007) and Alzheimer's disease (P 5 0.001). The material used for stimulus presentation thus had no effect on performance.
Foil judgements
We performed an error analysis for the different types of foils. This emphasized the profound impairment for natural kinds in semantic variant PPA. First, we examined foils that were unrelated to the target category. As summarized in Table 3 , the effect of group in unrelated foils was significant [F(2,104) = 3.34, P 5 0.039]. Follow-up comparisons found worse performance in semantic variant PPA relative to healthy seniors (P 5 0.032) and a trend suggesting worse performance relative to patients with Alzheimer's disease (P = 0.079); patients with Alzheimer's disease did not differ from control subjects (P 4 0.5). Thus, patients with semantic variant PPA were impaired at judging a foil that is unrelated to the target category. Moreover, we found that this effect for unrelated foils in semantic variant PPA was significant for natural objects but not manufactured objects. Thus, there was a significant group effect for natural-unrelated foils [F(2,104) = 5.56, P 5 0.005]. Follow-up comparisons demonstrated that patients with semantic variant PPA performed worse than both healthy seniors (P 5 0.005) and patients with Alzheimer's disease (P 5 0.009) for natural-unrelated foils. This effect for natural-unrelated foils was particularly evident for word stimuli (semantic variant PPA versus healthy seniors: words P 5 0.005, pictures P 4 0.2; semantic variant PPA versus patients with Alzheimer's disease: words P 5 0.030, pictures P 4 0.3), and inspection of individual stimuli suggested that this could not be attributed to surface dyslexia. This emphasizes that the difficulty encountered by patients with semantic variant PPA for unrelated natural foils could not be attributed easily to a visual-perceptual deficit perceiving the photographs of unrelated stimuli. There was no difference between healthy seniors and patients with Alzheimer's disease for natural-unrelated foils (P 4 0.5). The effect for group for manufactured-unrelated foils was not significant. Thus, the effect for unrelated foils in semantic variant PPA was due specifically to their difficulty with natural objects, such as deciding whether a chair is a kind of vegetable.
The findings for related foils showed significant deficits for both groups relative to controls, emphasizing the overall difficulty judging these stimuli for Alzheimer's disease and semantic variant PPA alike. The effect for group for related foils thus was significant [F(2,104) = 12.31, P 5 0.001]. Follow-up comparisons demonstrated worse performance in both semantic variant PPA (P 5 0.005) and Alzheimer's disease (P 5 0.001) compared to healthy seniors. For natural-related foils, there was a significant group effect [F(2,104) = 9.26, P 5 0.001], and both semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.020) performed worse than healthy seniors. The effect of group for manufactured-related foils also was significant [F(2,104) = 7.58, P 5 0.001], with follow-up comparison showing worse performance in both semantic variant PPA (P 5 0.001) and Alzheimer's disease (P 5 0.040) compared to healthy seniors. Table 4 summarizes the anatomical distribution of reduced grey matter density in semantic variant PPA and Alzheimer's disease. As illustrated in Fig. 1A , semantic variant PPA had reduced grey matter density in the anterior and ventral portions of the temporal lobe that was more prominent on the left than the right. This is similar to the anatomical distribution of disease reported in other studies of semantic variant PPA. In Fig. 1B , a fairly extensive anatomical distribution of reduced grey matter density was seen in temporal, parietal and frontal brain regions in Alzheimer's disease that was more prominent on the left than the right.
Imaging
We examined the areas of reduced grey matter density that were directly related to overall semantic judgement accuracy in the behavioural test. This is illustrated in red in the figures and summarized in Table 5 . As indicated in Supplementary Table 2, semantic judgement performance in the subgroup of patients with imaging paralleled that found in the entire group. In semantic variant PPA, Fig. 1A and Table 5 show that areas of atrophy in the left ventral temporal lobe were associated with semantic judgement accuracy. As shown in Fig. 1B , the areas associated with semantic judgement accuracy in Alzheimer's disease included left ventral as well as left lateral temporal regions. Category judgement accuracy in both semantic variant PPA and Alzheimer's disease thus appeared to be related to disease in the left fusiform gyrus. An area of atrophy in a ventral-medial temporal distribution was associated with semantic category judgement accuracy only in semantic variant PPA, and this distinct area may have contributed to the difficulty these patients encountered with natural objects. By comparison, an area of atrophy in posterolateral temporal-parietal regions encompassing an area of heteromodal cortex was seen only in Alzheimer's disease, and this may explain the absence of a category-specific effect in these patients.
Discussion
Patients with semantic variant PPA and Alzheimer's disease have semantic memory difficulty. This study investigated the nature of this impairment comparatively. Using a simple category http://brain.oxfordjournals.org/ membership judgement task, we found that patients with semantic variant PPA and Alzheimer's disease are significantly impaired relative to healthy seniors. Moreover, we found a distinguishing pattern of impairment in semantic variant PPA. These patients were significantly more impaired in their judgements of natural objects compared to their own judgements of manufactured objects. The severity of this deficit in semantic variant PPA is exemplified by their significant difficulty judging foils unrelated to the natural target category. Patients with Alzheimer's disease were impaired for both natural and manufactured categories. Anatomical studies associated atrophy in the left temporal lobe with impaired semantic judgements in both patient groups. However, the pattern of atrophy associated with impaired semantic category judgements in semantic variant PPA was restricted to the left ventral-medial temporal region, while patients with Alzheimer's disease also had atrophy affecting the left posterolateral temporal-parietal region. We discuss these findings in greater detail below. In large cohorts of patients with semantic variant PPA and Alzheimer's disease, we found significant deficits on a very simple measure requiring a semantic category membership judgement. This confirms previous observations demonstrating an impairment in semantic memory in these patient groups (Grossman et al., 1996 Bozeat et al., 2000 Bozeat et al., , 2002 Ralph et al., 2001; Adlam et al., 2006; Libon et al., 2007) . Moreover, we observed disproportionate difficulty with natural objects in semantic variant PPA. One possible account is related to the observation that knowledge of natural objects tends to depend more on visual feature knowledge than manufactured objects, and visual feature knowledge of objects tends to be impaired in semantic variant PPA. One study examining colour knowledge of animals reported that patients with semantic variant PPA are impaired at judging objects with an unnatural colour . The vocabulary of patients with semantic variant PPA loses high imageability words and increasingly consists of abstract words (Hoffman et al., 2013b) . Several reports have described so-called reversal of the concreteness effect in many patients with semantic variant PPA, where there is relative difficulty with visual feature knowledge of objects compared with abstract concepts (Warrington, 1975; Breedin et al., 1995; Yi et al., 2007; Bonner et al., 2009; Macoir, 2009; Papagno et al., 2009) .
There has been considerable debate about the contribution of visual feature knowledge to the semantic memory deficits in patients with semantic variant PPA. One recent survey study investigated performance in seven patients with semantic variant PPA on seven tasks, and claimed that visual feature knowledge was not compromised in their object concepts (Hoffman and Lambon Ralph, 2011) . Close inspection raises some questions about this study. One task, a synonym judgement task designed to include both target words and choices that are concrete or abstract, demonstrated a strong concreteness effect. However, the data were averaged across high, middle and low word frequency levels. Considering the high frequency stimuli that these patients are likely to know, an assessment of individual patient performance profiles in the original publication of this task ) demonstrated that six (67%) of nine patients (two additional patients had 100% accuracy) had the greatest difficulty with high image ability stimuli, thus showing sensitivity to degraded visual feature knowledge. There is also concern about the informativeness of three additional tasks. The results of these multiple-choice measures were difficult to interpret because the target word was selected to be concrete or abstract, but the four choices were concrete concepts even for supposedly abstract trials. Finally, two additional tasks used verbal descriptions of concrete and abstract stimuli in a multiple-choice paradigm, thereby eliminating potential confounds with the concreteness of pictured multiple choices. These studies showed that five (72%) of seven cases had greater difficulty with concrete than abstract stimuli. Other studies claiming to disprove a role for degraded visual feature knowledge in semantic variant PPA have been limited by methodological issues such as ceiling effects that cloud the interpretation of results (Hoffman et al., 2013a) . More recently, these researchers have acknowledged the relative importance of a deficit for visual feature knowledge in semantic variant PPA (Hoffman et al., 2012) . In our view, many individuals with semantic variant PPA begin with disease in the visual association cortex that compromises the representation of visual feature knowledge of objects, and this proves devastating for many object concepts that depend so heavily on visual feature knowledge. Over time, disease progresses dorsally and posteriorly in the temporal lobe (Avants et al., 2007; Rohrer et al., 2008; Brambati et al., 2009) , and connectivity with other brain regions becomes compromised (Duda et al., 2008; Agosta et al., 2010) , eventually resulting in a multimodal semantic memory deficit in semantic variant PPA. In this context, it is important to distinguish between visual features that contribute to an object concept, and the particular material used to access the mental representation of the concept such as a photograph. We found that the stimulus material used to present a test item played little role in performance. Thus, the relative deficit for natural objects in semantic variant PPA was equally present for colour photos and printed words. This also suggests that the deficits seen in these patients were unlikely to be due to a visual-perceptual deficit perceiving a pictured stimulus or an alexia interfering with reading a printed stimulus.
Patients with semantic variant PPA were selectively impaired in their judgements of foils that are unrelated to natural objects. Thus, these patients were uniquely impaired at judging whether a chair or a lamp could be a natural object. Findings such as this emphasize the profound degradation of knowledge of natural objects in semantic variant PPA. This deficit was more prominent for printed words, again emphasizing that the deficit is unlikely to be explained by difficulty visually perceiving the photographic stimuli. By comparison, both patients with semantic variant PPA and patients with Alzheimer's disease were significantly impaired in their judgements of related foils. Moreover, both groups were impaired at judging this 'related foil' class of stimuli regardless of the semantic category; they were equally impaired at deciding whether an apple is a kind of vegetable and whether a chair is a kind of tool. We speculate that these stimuli may have been so challenging for semantic variant PPA and Alzheimer's disease alike because the related foils share so many features with other members of the target category.
Whereas patients with semantic variant PPA were relatively more impaired with natural compared to manufactured objects, they were nevertheless impaired relative to control subjects with manufactured objects as well. From this perspective, it is reasonable to consider the contribution of additional factors to the deficit in semantic variant PPA. To be sure, performance on this task cannot distinguish between loss of knowledge of a category member or loss of knowledge of the superordinate category. Nevertheless, one possibility is that impaired performance on this category membership judgement task may be due in part to difficulty with the mental representation of the superordinate category. It has been proposed that knowledge of a superordinate category may be relatively robust to neurodegenerative disease because of the redundant contribution of features from many overlapping instances of the category (Gonnerman et al., 1997; Devlin et al., 1998) . In semantic variant PPA, for example, analyses of naming errors suggest that these patients use superordinate terms when basic level names of objects become difficult to access (Hodges et al., 1995; Patterson, 2007) . On the other hand, there is no specific representation of a superordinate like 'vegetable' or 'tool,' and superordinates of this sort must be constructed from a range of exemplars that have a variety of sensory-motor features. From this perspective, we speculate that knowledge of the meaning of a superordinate may prove fragile in patients with semantic memory deficits, and this may have contributed to difficulty on this task regardless of semantic category.
Some work has addressed the role of superordinate knowledge in the semantic memory deficits of neurodegenerative patients. In one critical study, patients with semantic variant PPA and Alzheimer's disease matched on explicit semantic memory measures showed different patterns of semantic priming (Rogers and Friedman, 2008) . Specifically, only patients with semantic variant PPA did not prime for superordinate semantic relationships. This is consistent with the finding in the present study using an explicit task-semantic category membership judgements were impaired in semantic variant PPA, and this may have been due in part to difficulty with the representation of superordinates. By comparison, others have claimed that patients with semantic variant PPA have better performance with superordinates than basic object level names . This effect was related to disease severity. The authors reasoned that progressive disease resulted in greater degradation of object concept knowledge, leaving redundant features that are sufficient to support the representation of a superordinate category. It is possible that patients with semantic variant PPA in the present study were more demented overall, despite matching patients with Alzheimer's disease in overall dementia severity using the MMSE, because the MMSE is not very sensitive to the deficits found in semantic variant PPA. There is some reason to discount this account in the present study. We did not find an empirical relationship between performance on our measure of category membership judgements and measures of disease severity such as MMSE and disease duration at the time of test. Moreover, these patient groups were matched in their performance on semantic measures like the Pyramid and Palm Tree test and semantically-guided category naming fluency, and were matched on their overall accuracy on the category membership judgement task used in the present study.
Few studies have compared performance on semantic memory measures in Alzheimer's disease and semantic variant PPA. Previous work has generally shown qualitatively similar patterns of impairment in direct comparisons of these patient groups, although patients with semantic variant PPA are often quantitatively more impaired than patients with Alzheimer's disease (Cross et al., 2008) . These assessments frequently depended on associativity judgements such as indicating that a pyramid is associated more with a palm tree than a pine tree because a pyramid and a palm tree are both found in Egypt (Rogers, 2004; Rogers et al., 2006) . Patients with Alzheimer's disease also have been reported to have a relative deficit for natural objects (Grossman et al., 1998 Garrard et al., 2005) . However, we did not observe this in the present study. Several possibilities may account for this discrepancy. One possibility may be related to the specific category of natural objects that we probed. We used vegetables rather than the category used in most previous reports-animals. We speculate that patients with Alzheimer's disease may be able to judge vegetables because they are somewhat object-like in nature-they are inanimate like manufactured objects and do not move or have a head and sensory organs, like eyes as in animals, for example. Many previous reports of a category-specific deficit in Alzheimer's disease used animal stimuli, and patients with Alzheimer's disease http://brain.oxfordjournals.org/ may be particularly sensitive to motion features associated with animals. A related possibility concerns the task we used. Some work demonstrating a category-specific deficit in Alzheimer's disease specifically probed visual feature knowledge of objects . In this context, it is possible that patients with Alzheimer's disease may show the same pattern of impairment as patients with semantic variant PPA on tasks where performance depends only on the integrity of representations of visual feature knowledge of objects in visual association cortex. Tasks that do not emphasize visual feature knowledge, such as the one used in the present study, may not reveal a categoryspecific effect in Alzheimer's disease. In this context, it is possible to speculate that there has been broader degradation of feature knowledge associated with objects in Alzheimer's disease than in semantic variant PPA. This would be consistent with the more extensive disease seen in the participants with Alzheimer's disease, specifically involving heteromodal association cortex. This would have obscured the observation of a category-specific effect linked to the specific degradation of visual feature knowledge seen in semantic variant PPA. Another possibility is that the representation of object concepts is relatively preserved in Alzheimer's disease, and that there may be difficulty explicitly accessing these representations (Nebes and Brady, 1990; Cronin-Golomb et al., 1992; Ober et al., 1995) . Both Alzheimer's disease and semantic variant PPA have considerable disease in the temporal lobe, an area critical for object knowledge. Previous work in neurodegenerative disease has related semantic difficulties directly to disease in the temporal lobe (Desgranges et al., 1998; Grossman, 2003; Bonner et al., 2009; Mion et al., 2010) . This brain-behaviour correlation is not unique to neurodegenerative disease, as patients with stroke in the temporal lobe also have semantic deficits (Hillis et al., 2001; Newhart et al., 2007) .
In the present study, we found that only an area in left ventralmedial temporal grey matter was associated with impaired category membership judgements in semantic variant PPA. This included portions of fusiform and parahippocampal gyri. We speculate that ventral medial temporal cortex contributes to the category-specific deficit in semantic variant PPA. This ventralmedial area of the temporal lobe is thought to be part of the visual association cortex (Gloor, 1997; Olson et al., 2007) , and previous functional MRI work has suggested that medial regions may be more closely related to natural objects and more lateral portions of the ventral temporal lobe may play a role in manufactured objects (Chao et al., 1999) . As natural objects such as vegetables, are associated with consistent visual-perceptual features, we speculate that these concepts also may have a relatively stable anatomic representation in visual association cortex, and category membership judgements of natural objects thus may be at greater risk for impairment following disease in this area of visual association cortex. Moreover, others suggest that fusiform activation is related to the process of semantic judgement rather than the content of a concept (Rogers et al., 2005) . In the present study, fusiform disease was seen in both patient groups, although two different patterns of semantic category judgement performance were observed-one group with a category-specific semantic deficit and one not. This raises the possibility that, in addition to the content of the category, disease in these patients may also impact the semantic judgement process. Inspection of individual patient MRI studies suggests that not all patients with semantic variant PPA have disease extending to this area, and we speculate that this may contribute to some of the variability seen in patients with semantic variant PPA profile of impaired semantic memory. Transcranial magnetic stimulation of the left anterior temporal lobe has been used to assess the concreteness effect in semantic variant PPA (Pobric et al., 2009) . Unfortunately, the fusiform gyrus and other, more medial portions of the temporal lobe implicated in studies of semantic variant PPA are somewhat distant from the lateral surface of the temporal lobe where the stimulator is located. The neuroanatomical extent of tissue that is affected by transcranial magnetic stimulation is relatively imprecise, particularly in areas of abundant atrophy where there is also excess CSF, which is an excellent conductor.
In Alzheimer's disease, semantic deficits have been linked to more extensive portions of the temporal lobe, including both lateral and ventral temporal regions (Desgranges et al., 1998; Grossman, 2003; Grossman et al., 2013) . In this comparative study, we observed that portions of the lateral temporal lobe are related to semantic judgements in Alzheimer's disease but not semantic variant PPA. There are at least two possible accounts linking lateral temporal-parietal disease in Alzheimer's disease to their broad semantic deficit without category specificity. First, posterolateral temporal and inferior parietal cortex includes heteromodal association cortex. This is a multimodal area thought to play an important role in integrating feature knowledge from multiple modalities into an object concept (Bonner et al., 2013) . Disease in this area thus may result in multimodal impairments with all categories of object concepts. A second possibility is related to a variant of Alzheimer's disease known as logopenic variant PPA. These patients have prominent disease in auditory association cortex in dorsal portions of the lateral temporal lobe, and they have particular difficulty with concepts dependent on auditory feature knowledge (Bonner and Grossman, 2012) . The anatomical correlate of category membership judgement performance in Alzheimer's disease in the present study also encompassed this lateral temporal anatomic distribution of disease, consistent with the possibility of degradation of both visual and auditory feature knowledge in Alzheimer's disease. Indeed, the anatomical distribution of disease in Alzheimer's disease is highly variable, resulting in specific syndromes depending on the anatomical distribution of disease such as logopenic variant PPA, posterior cortical atrophy, and others (Alladi et al., 2007) . From this perspective, the emergence of a category-specific deficit for natural objects may be seen in some studies of Alzheimer's disease if patients participating in a particular study have the appropriate anatomical distribution of disease.
In summary, our findings are consistent with the hypothesis that many patients with semantic variant PPA have a category-specific deficit characterized by disproportionate difficulty with natural objects, although this pattern was less evident in Alzheimer's disease. This category-specific deficit in semantic variant PPA appears to be related to disease in ventral-medial portions of left temporal cortex. This is an area of visual association cortex, and we speculate that disease in this area interferes with the representation
